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Introduction

30
Thailand is an agriculture country rich in biomass resources. This sector has played a significant role 31 in terms of economic contribution since historical times. From a total area of 0.5 million square 32 kilometres, more than 65% is subject to agricultural activities. With the ever increasing market 33 demand for agricultural products, most of the agricultural residues generated in the country end up in 34 municipal waste streams or in other cases are not efficiently used (Visvanathan et al. 2008, 35 Tangwanichagapon et al. 2017) There are more than ten millions tons of agriculture waste and 36 residues generated per year. To simultaneously solve the dilemma of energy demand (from 75 Mtoe in 37 2014 to 131Mtoe by 2036), waste management and greenhouse gas emissions (Cop 21 commitments), 38 the Thai Ministry of Energy has set up an Alternative Energy Development Plan aiming at increasing 39 alternative energy consumption from 10 Mtoe in 2014 to 40 Mtoe by within 20 years. The plan's 40 target is to increase the use of biomass for renewable energy to 5.5 MW by 2036, while the generating 41 capacity of 2014 was 2.5MW (Tantiwatthanaphanich et al. 2016) . High potential of agricultural waste 42 can be utilized for factories and biomass power plants. However, the industry is still facing challenges 43 to manage these wastes because of their limitations as fuel, including: 1) not available throughout the 44
year, 2) low bulk density leading to high transportation costs, 3) low heating value coupled with high 45 moisture content, 4) strong heterogeneity requiring therefore pre-treatment and 5) ash content higher 46 than woody biomass with high chlorine content resulting in operational problems including deposit 47 formation and boiler corrosion during combustion (Kassman et al. 2013) . For all these reasons, 48 factories and power plants using biomass tend to reduce or stop operation replacing it by fossil fuels.
49
One of the strategies to enhance fuel properties of agricultural waste and limit deposition, slagging, 50
fouling and corrosion in thermal fuel conversion systems is to apply torrefaction (Starfelt et al. 2015) . 51 Torrefaction, as a moderate thermal treatment at temperatures ranging from ~200 to 300°C in an inert 52 atmosphere (Bach et al.) , transforms biomass properties close to those of fossil coal. Torrefaction is 53 used to produce a fuel with increased energy density and improved grindability, thereby reducing costs 54 of transportation, milling and storage. The reader will find more details in this complete critical 55 literature review (Chen et al. 2015) .
56
Another significant observation is that torrefaction reduces the chlorine content of biomass. The 57 release of chlorine during combustion of biomass has been investigated in a number of publications 58 (Knudsen et al. 2004 , Johansen et al. 2013 with Eucalyptus wood heated at 260°C during 60min. Contrary to these results, other studies showed 65 that less than 10% of chlorine would be evaporated from the fuel at 200°C and only 20 to 50% at 400 66°C (Björkman et al. 1997) . A recent study using thermodynamic equilibrium calculations to better 67 understand the release mechanism of chlorine during agricultural waste pyrolysis concluded that the 68 evaporating process can be divided into two temperature ranges: a fast evaporating process from 200 69 to 600°C and a slow evaporating process from 600 to 1000°C (Toptas et al. 2015). These results 70 corroborate the one obtained by Jensen (Jensen et al. 2000) where 60% of chlorine was released when 71 the temperature increased from 200 to 400°C and most of the residual chlorine was released between 72 700 and 900°C. Most of the studies concluded that the release ratio of chlorine increased continuously 73 with temperature and holding time and is linearly proportional to devolatilization. Other parameters 74
can play a role during mild pyrolysis. The particle size and sample weight are also important factors 75 influencing chlorine release mainly due to the secondary reactions. A recent study showed that the 76 release ratio for 74-124μm straw particle was 60.78%, which was much higher than 27.25% for 250-77
420μm at 350 °C . The changes in the chemical association of ash-forming elements 78 are also different for the four macromolecules (cellulose, lignin, xylan and pectin). These results 79
provide new data about chemical changes with regards to the inorganic elements during torrefaction 80 (Thanarak 2012).
81
The advantages of torrefaction are particularly recognized for use in older and existing pulverized 82 coal-fired power plants because it provides a technical option for high substitution ratios of biomass. 83
The direct co-combustion plants operate generally with a blend containing a maximum of 5 to 10% 84 biomass. New coal-fired power plants are designed for high co-firing ratios of lignocellulosic biomass, 85 much more than 40% with torrefied biomass without decreasing of energy efficiency and fluctuation 86 of boiler load (Li et al. 2012 ). The reactivity of blend containing lignocellulosic biomasses was found 87 similar to that of lignite (Toptas, Yildirim et al. 2015) . It is clear that using torrefied agricultural 88 residues and their blends is a very effective and sustainable innovative way to dispose waste materials 89
throughout the year. Many studies have focused on improved physicochemical properties of torrefied 90 woody biomass but few on blends of agriculture crops.
91
The first objective of this study is to investigate the torrefaction at high temperature (300°C) of four 92 agricultural residues widely available in Thailand via non-isothermal thermogravimetric method. Also 93 the additive behaviour according to the blend ratios will be discussed to predict the optimized mixture 94 for a better used during the whole year. The second objective is to quantify at a macroparticule scale 95 the release of chlorine from individual and blended biomasses exposed to the same torrefaction 96 conditions, operating in a batch reactor under nitrogen. were dried and ground by a cutting mill, and sieved to a particle size of around 0.5-2 mm for the 105 torrefaction test in the furnace and 0.1mm for the thermogravimetric study with TG. The biomass 106 blends were prepared by physical mixing grinded biomass in the proportion of 50:50 and 70:30 before 107 and after torrefaction. Because napier grass has the highest chlorine content, this study focused on 108 blending this biomass material with the three other residues successively. 109 110
Torrefaction
111
Experiments were conducted in a horizontal quartz tube reactor and a thermogravimetric analyser 112 (Figure 1 ). About 1.5-2.5 g of sample was placed in an alumina boat located in the middle of the 113 quartz reactor. Nitrogen was then purged through the reactor at a flow rate of 100 ml/min. Then the 114 reactor was heated to the desired temperature (300°C) at a heating rate of 10°C/min which is 115 maximum rate reached for mostly all industrial reactors and held at the desired time (5 minutes). After 116 cooling down to room temperature, the solid product was weighed to measure the mass and energy 117 yield which is defined as fuel value of solid product as a fraction of fuel. Energy yield indicates the 118 magnitude of energy conversion of the initial biomass after torrefaction, while the mass product yield 119
represents the mass conversion. The energy density of torrefied solid products represents the ratio 120 between the increased energy yield and the converted mass yield. The pyrolysis thermal behaviour of 121 both samples (about 5-6 mg biomass per run) and their blends were investigated using a 122 thermogravimetric analyser TG (Perkin-Elmer, pyris1). The synergistic effects have been reported by 123 many researchers, for co-pyrolysis (Lu et al. 2013) different methods to calculate the ignition (Ti) and burnout temperatures (Tb), we adopted the 150 intersection method (IM) and the conversion method (CM) to obtain accurate Ti and Tb, respectively 151 (Lu et al. 2015) . 152
Results
153
Three different biomass blending ratios were taken into consideration: 100:0, 50:50 and 70:30%. 154
When the ratio is equal to 100%, it means that raw biomass alone was tested. The notification of 155 biomass is: NG = Napier grass; RS = Rice straw; Ca = cassava stalks and Co = Corn cob. The blends 156 are denoted "NG70RS30" where NG and RS were the biomass, and 70 and 30 the respective ratios in 157 %. Also, "Raw" and "Tor." denotes untreated and torrefied biomass respectively. 158
Properties of raw and blended biomass 159
The physical and chemical properties of raw and blended biomasses (untreated and torrefied) are 160 presented in Table 1Error ! Reference source not found.. As mentioned in the literature, it is well-161 known that torrefaction increases fixed carbon content and reduces volatiles content. RS and NG 162 showed the highest ash content while Ca and Co the lowest. As expected, fixed carbon increased with 163 the torrefaction for all raw and blended biomasses. Since the volatile matter components mainly react 164 under high temperatures over 200 °C, the amount can affect the changes of torrefied solid mass and 165 energy. On the other hand, FC and ash are the main components of the remaining solid products after 166 the release of the volatile matters, which contribute to large amounts of solid yield after the 167 torrefaction process.
168
The relative proportion of fixed carbon (FC) and volatile matter (VM), called fuel ratio (Du et al. 169 2014), is a method originally designed for the characterization of coal. After torrefaction, the FC:VM 170 ratio may significantly change. It was found that torrefaction is more efficient for RS followed by Ca, 171
Co and NG with 0.51, 0.46, 0.44 and 0.36 respectively. All torrefied mix with a 50:50 ratio presented 172 similar values around 0.4 while 70:30 ratios exhibited stronger differences, ranging from 0.3 up to 0.7. 173
Clear relationships between FC:VM and lignin:cellulose content in biomass samples are likely 174
confounded by the presence of minerals, some of which exert a strong influence on the yields and 175
qualities of thermochemical conversion products due to catalytic activity (Tanger et al. 2013) . 176
According to the energy density, RS had the lowest enhancement factor (1.26) among the four species, 177
as a result of a high ash content. If considering the lowest ash content and the highest HHV as 178
indicators of combustion quality, the best blends were NG50Co50 and NG50RS50. 179
The elemental composition of the bio-char produced from each blend did not reflect the ratio of the 180 individual biomass types. As shown in Table 1 Error! Reference source not found., the mean 181 elemental composition of the four feedstock types did not match the composition of the corresponding 182
blends. This result indicates that different reactions and interactions occurred during the torrefaction of 183 each feedstock and of each blend for the same conditions, which led to a different elemental 184 composition for the biochar produced from each blend. It is well known that a higher proportion of 185 hydrogen and oxygen reduces the energy value of biomass fuel compared to fossil fuel. The 186 significance of the O:C and H:C ratios on the CV of solid fuels can be illustrated using a van Krevelen 187 diagram (Figure 2) . The premise in this classification is that biomass feedstocks that fall within 188 clusters will have similar properties, regardless of their category. From the results obtained, it 189 observed that the biomass feedstocks can be broadly classified into four groups based on the general 190 assessment of their source. Raw and blended untreated biomasses showed lower aptitude as biofuel 191 than torrefied biomass. Compared to the average 35% oxygen content of torrefied biomass in dry-ash-192 free condition, raw biomass has higher oxygen content (around 50%). Therefore raw biomass is 193 expected to produce more oxygenated volatile compounds than torrefied biomass. The torrefied 194 biomass blends displayed the lowest dispersion. Change in elementary composition of the torrefied 195 blends leads to a shift toward the origin of the graph. This can be attributed to the catalytic effect of 196 inorganic matter, catalysing the pyrolysis reactions leading to the formation of more energetic biofuel. 197
In the same time, the liberated compounds contain higher proportions of oxygen and hydrogen than 198 carbon, thus reducing the relative concentration of these elements in the solid residue. biomass fuels lead to slagging and fouling in the boiler.Error! Reference source not found. Table 2  218 gives an overview of properties of biomass ashes with a special emphasis on their erosion and 219 corrosion potential. A fouling risk ratio K 2 O/SiO 2 was adapted based on information from the 220 literature to determine which biofuel requires special precautions to avoid fouling problems (Hustad et 221 al. 2000) . Lower this ratio, more precautions must be taken to avoid erosion which can occur from 222 higher silica content. All torrefied blends were found to have lower K 2 O/SiO 2 ratio than untreated 223
ones. This is mainly due to the increase in inorganic elements after torrefaction. NG blended with RS 224 at a 50:50 ratio presented the lowest combustion properties (0.6). However, NG blended with Ca in the 225 same proportion showed the most promising combustion properties (1.4). This can be explained by the 226 low silica content of cassava stalks. When increasing the blending ratio to 70:30, the fuel ratio 227 decreased due to the ash composition of NG which is richer in SiO 2 . A dilution phenomenon of 228 inorganics was therefore observed when mixing biomasses. 229
Straw typically contains large amounts of chlorine. The chlorine content of torrefied biomass was 230 measured and compared to that of original fuel. Figure 3 shows the evolution of heating value versus 231 chlorine content for all raw and blended biomasses torrefied at 300°C. It was observed that there were 232 no significant differences in HHV between the biochars produced from the different biomass 233 feedstocks as well as no significant differences between the individual feedstocks and corresponding 234 blends. All raw and blended untreated biomasses presented similar heating values at around 16 MJ. was found to range from 24 to 28 MJ.kg -1 for all blends. The maximum was for NG and RS (50:50). 242
Since HHV is a mass based measurement, high mineral content leads to a decrease in HHV, because 243 minerals contribute little energy during biomass oxidation. 244 245 All biomass groups showed a similar trend with a decreasing content in chlorine. From the perspective 248 of different biomass types (raw and blended), the amount of chlorine compounds varied from 3.3 to 249 13.5% before torrefaction and from 1.6 to 12.5% after torrefaction. A slight decrease was observed for 250 NG while the 3 other biomasses showed a more emphasised mitigation in chlorine concentration. With 251 respect to the releasing mechanism, at lower temperatures, the release of Cl was mainly caused by the 252 following reaction: 2KCl + nSiO 2 + H 2 O => K 2 O(SiO 2 )n + 2HCl, as KCl and SiO 2 in biomass 253 inorganic matters react with water contained in biomass and result in the formation of silicate and HCl 254 (Du, Wang et al. 2014) . At 300°C, approximatively 7 to 60% and 35 to 56% of chlorine were released 255 from the raw and blended biomasses respectively. These results are consistent with earlier findings 256
concluding that approximatively 70% of chlorine is released at 350°C with no further release at 500°C 257 (Saleh, Flensborg et al. 2014 ). The literature reports that during this phase called fast evaporating 258 range, 60% of chlorine is evaporated in the gas phase predominately as HCl and 40% is released in the 259 liquid phase at 300°C. Therefore, the combustion of torrefied biomass containing less chlorine than 260 raw biomass generates significantly lower HCl emissions than raw biomass, particularly so for 261 biomass of low alkali content (Ren et al. 2017) . In terms of combustion, torrefied Ca is the most 262 advantageous biofuel as characterised by the highest heating value (25 MJ.kg -1 ) coupled with the 263 lowest amount of chlorine (1.6%) contributing thereby to minimising slagging and fouling issues. A 264 HHV:Cl ratio was therefore established in this work to provide information about the quality of 265 various biomass blends as biofuel and also some qualitative insights about biomass combustion. The 266
higher the ratio, the better the combustion properties. As shown previously, NG mixed with Ca 267 (NG50Ca50) was expected to be the most promising biofuel (with a ratio of 5.7). However, when NG 268 was blended with RS (NG50RS50), a higher ratio was obtained (6.3). NG70Co30 was found to have a 269 lower ratio (3.9). These results allow us to conclude that the mixing and torrefaction of two biomasses 270 with high chlorine content and low energy density contribute to improve significantly the combustion 271
properties of the blend. 272
The transformation property of chlorine during biomass torrefaction as a percentage reduction of the 273 original content is shown in with solid yield and energy yield as these three parameters are the main indicators of the torrefaction 275 quality. For all biomasses, the energy yield was found to be higher than the solid yield. The yields of 276 torrefied biomass were found to be almost similar ranging from 56 to 59% and 53 to 57% for raw and 277 blend respectively. Torrefied cassava showed the highest energy yield with 95% and half of chlorine 278 was released when RS showed the lowest energy (76%) and lowest chlorine reduction (18%). 279
According to these, NG blended with Ca (50:50) was the least reactive to temperature and presented 280 the highest solid and energy yield with 56.7 and 95.3% respectively while chlorine content was 281 reduced by 44%. The greatest reduction in chlorine content was observed for the blend NG50RS50 282 with 56%. The pyrolysis of lignocellulosic materials plays an important role as first chemical step in the 294 combustion process as a large part of the original biomass is converted to volatile products . The 295 behaviour of individual biomasses and torrefied biomasses in nitrogen atmosphere was investigated 296 and the results displayed in Figure 4 . According to the distributions of TGA curves, two groups 297 composed of raw and torrefied biomasses can be observed. Torrefied biomasses were found to be less 298 reactive than the control. At 800°C, the solid residues of raw RS, NG, Ca and Co were found to 299 amount to 30, 29, 27 and 20% respectively, while for torrefied RS, Ca, NG and Co, they amount to 46, 300 41, 40 and 30% respectively. A significant weight loss for raw and torrefied Co was observed above 301
300°C unlike the three other feedstocks investigated. This is because Co contains more holocellulose. 302
Other torrefaction studies reached similar conclusions. 303
The DTG curve for NG was plotted only assuming that all fuels were characterized by the same four-304 stage thermal degradation as shown by Lu and his co-authors (Lu, Lee et al. 2013 ). The decomposition 305 of the fuel mainly took place in the second stage. The decomposition intensity of untreated NG (0.8 306 wt%°C -1 ) was found to be significantly higher than the torrefied one (0.5 wt%°C -1 ). It was also 307 observed that during the torrefaction process at temperatures above 275°C (in addition to moisture 308 removal), the lignocellulosic structure of the biomass was partly thermally degraded. This concerned 309 especially the reactive hemicellulosic fraction. The degradation of this component during heating 310
significantly reduces the amount of free reactive hydroxyl groups, which causes relatively more 311 cellulose and lignin to be contained in the torrefied biomass, leading to its lower reactivity. As 312 confirmed by a previous study, in addition to the thermal degradation of cellulose at temperatures 313 above 300°C, the 3 rd stage starting at 430°C corresponds to a mild decomposition process attributed to 314 the reaction of lignin (Chen, Peng et al. 2015) . It can be observed, as expected, that the decomposition 315 of raw and torrefied biomass was approximatively similar. The last stage corresponds to carbon 316 element enrichment with hydrogen and oxygen volatilized as shown in the van Krevelen diagram 317 (Figure 2) . Since the interactive effects varied with the characteristics of the components in the blends, e.g. 324
heterogeneity, nature and distribution of reacting species, etc., synergies during the pyrolysis process 325
were difficult to predict. To evaluate the interactions between the raw biomasses studied, the 326 experimental and calculated TGA curves were plotted as shown in Figure 5 . The predicted results 327
were obtained from the calculations in terms of weight percentage of every single material. It can be 328 seen that for the raw blends, whichever the ratios, all the calculated curves were found to almost 329 overlap with the experimental ones. This entails that the pyrolytic characteristics of the blends 330 followed those of the parent fuels in an additive manner. The fuels did not chemically interact when 331 blended under inert condition. This confirms the hypothesis made by a number of researchers about 332 the general lack of synergistic effects in the yield of pyrolysis products from blended agriculture The objective is to demonstrate if blending biomass before or after torrefaction affects pyrolytic 342 characteristics. Each experiment was repeated three times to obtain adequate average figures. The four 343 torrefied biomasses were the parent fuels for all theoretical curves. For all blends and whichever the 344 ratios, BT and AT's TGA curves showed significant differences in terms of pyrolysis behaviour. At 345 800°C, the solid residues were found to be 53, 39, 48 and 38% for NA50RS50 (BT), NA50RS50 (AT), 346
NA50Ca50 (BT), and NA50Ca50 (AT) respectively. With the ratio 70:30, solid residues were found to 347 be lower (48 and 43%) for NG blended with RS than for NG blended with Ca (53 and 40%). 348
According to the distributions of the DTG curves, the decomposition intensity ranged from 0.49 to 349 0.56 wt. %. °C -1 , with a maximum reached for NA70RS30. 350
In co-pyrolysis, significant synergetic effects were observed for biomasses mixed before torrefaction 351 (BT). After torrefaction (AT), a slight synergistic effect was observed for the 50:50 ratio only. The 352 experimental curves showed the blends (BT) to be more reactive than based on the calculated curves.
353
This synergetic effect could be explained by the catalytic role played by alkali metal salts (Brown et 354 al. 2000) , especially those containing potassium as shown in Error! Reference source not 355 found. The ignition temperature is a crucial index to stand for the ignitability and reactivity of fuels, including 370 raw and torrefied biomasses. In the industry, the higher the ignition temperature, the safer the fuel's 371 storage and delivery . This comprehensive study indicates that blending different biomass species undergoing torrefaction 400 treatment may be an option to produce a uniform feedstock for biofuel production with more energy 401 and less chlorine content avoiding fouling during combustion. Expanding knowledge on these biomass 402 traits will play a critical role in enhancing the utilization of agricultural waste for energy, particularly 403 in agriculture based-country. 404 405
Conclusion
407
This study investigated the pyrolytic behaviour and quantified the chlorine release of blended 408 agriculture residues and their parents exposed to a high torrefaction temperature (300°C) performed in 409 a thermogravimetric balance (microparticle) and a batch reactor (macroparticle). 410
The FC:VM fuel ratio indicated that torrefaction was more efficient for rice straw. If we consider the 411 lowest ash content and the highest HHV separately as indicators for combustion, the best blends were 412 found to be for the 50:50 ratios between napier grass, corn cob and rice straw. 413
The greatest chlorine content mitigation was observed for the mix of napier grass and rice straw with 414 56% decrease. The HHV: Cl ratio, an indicator of combustion quality, showed that napier grass mixed 415 with rice straw in 50:50 proportion was the most promising blend with the highest ratio (6.3). 416
According to the distributions of TGA curves, two groups composed by raw and torrefied biomasses 417 were distinctly observable. Torrefied biomasses were found less reactive than the control. The 418 pyrolytic characteristics of the blends followed those of the parent fuels in an additive manner.
419
Blending biomasses before or after torrefaction affected pyrolytic characteristics differently. In the 420 case of co-pyrolysis, a significant synergetic effect was observed for biomasses mixed before 421 torrefaction, while after torrefaction a slight synergistic effect was observed for 50:50 ratios only and 422 mainly due to the catalytic role of alkali metal salts. 423
The K 2 O:SiO 2 which is the fouling risk index determining if biofuel require special precautions to 424 avoid fouling problems, was lower for torrefied biomasses compared to untreated blends. 425
The ignition temperatures of the raw biomasses and their blends were found to lie between 235 °C and 426 260 °C while torrefied materials showed ignition temperatures in the range 250-288 °C. Torrefied 427 individual and blended biomasses presented in all cases higher burnout temperatures than the 428 untreated biomasses. 429
